The momentum balance model is applied to a long duct for prediction of the position of the pseudo-shock and its effectiveness is discussed. The model was previously applied to a short duct, where the downstream edge of the shock is at the edge of the duct. In a long duct, the upstream and downstream edges are separated from the duct edges, and the pseudo-shock is in the middle of the duct. The results calculated using the model are compared with experimental results. They showed reasonable agreement. The model will be effective to predict the position of the pseudo-shock even in a long duct.
Introduction
The pseudo-shock generally appears in the deceleration process from supersonic to subsonic flow in a duct. Prediction of its length is important in design of a diffuser of supersonic wind tunnels or an inlet of ramjet engines. A new prediction model was proposed to estimate the length of the pseudo-shock. 1) This model calculated the length using the momentum balance. In the model, the downstream edge of the pseudo-shock was at the exit of the duct. In a long duct, the downstream edge of the pseudoshock is not attached to the edge of the duct, and the pseudo-shock exists in the middle. 2, 3) In the present study, the momentum balance model is applied to the long duct for prediction of the position of the pseudo-shock and its effectiveness is discussed. Figure 1 shows a schematic of the pseudo-shock in a duct whose length is L. When the pressure at the exit, P 2 , is sufficiently low, gas flows out at supersonic speed. As P 2 becomes high, the pseudo-shock appears from the downstream edge of the duct. The friction is small in the pseudo-shock region due to separation and the thickened boundary layer. Under this flow condition, friction force primarily works on the duct outside of the pseudo-shock. In the previous study, where the downstream edge of the pseudo-shock was at the exit of the duct, the length of the pseudo-shock, L p , was calculated by force balance, presuming no friction in the pseudo-shock region.
Flow Condition in a Duct with Pseudo-Shock
As P 2 increases, the upstream edge of the pseudo-shock moves upstream. When a ratio of its length to the diameter of the duct, L p =D, reaches approximately 10, the upstream edge of the pseudo-shock moves upstream and the downstream edge is separated from the exit of the duct with holding L p =D of approximately 10. Subsonic flow appears downstream of the pseudo-shock (Fig. 1 ).
2,3)
From the viewpoint of force balance, this move will be caused by difference of friction stress, f , upstream and downstream of the pseudo-shock. Under the adiabatic wall condition, a ratio of the friction stresses is written as
Here, the friction coefficient, c f , or Darcy friction factor, Ã, is written with the power-law approximation of Blasius 4) as
Re d is the Reynolds number based on the duct diameter. Viscosity of the air is written as
Here, &, u, , M, and T are density, velocity, ratio of specific heats, Mach number and temperature, respectively. Subscripts 0, 1 and 2 represent reference, entrance and exit conditions, respectively. The friction stress is smaller in the downstream, subsonic flow than in the upstream, supersonic flow. For example, when M 1 ¼ 5, M 2 ¼ 0:5, and the ratio of Eq. (1) is 0.32. As the pressure and the impulse function increase at the exit, the length of the supersonic flow section will become shorter, the sum of the friction forces will become smaller and the force will be balanced. The position of the pseudo-shock will be calculated by this force balance mechanism.
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Prediction of the Position of the Pseudo-Shock
The duct shown in Fig. 1 is presumed. Force balance is written as
The symbols with an overbar are mean values in the regions upstream/downstream of the pseudo-shock. When the values at the entrance/exit are used in place of the mean values, the length from the duct entrance to the upstream edge of the pseudo-
The calculated results are compared with the experimental results by Neumann and Lustwerk.
2) They used a 1-inch tube with two kinds of supersonic nozzles. Mach number of 5.4 and 5.0 are presumed for the 0.17-inch and 0.2-inch throat tests, respectively. The geometrical expansion area ratio is used for calculation of the inflow Mach number due to simplicity and lack of detailed information of the experimental conditions. In the experiments, there is a boundary layer and the actual area ratio is smaller. However, the difference of the impulse function due to the area ratio is small. For example, the area ratio is 25 to attain a Mach number of 5. A difference in expansion area ratio of AE10 for the case when the Mach number is 5 causes a difference in Mach number of AE0.5, but a difference in impulse function of AE1 to 1.5% according to isentropic expansion calculation.
In the following calculation, L p =D is 10. It corresponds to L p =L ¼ 0:19 for the 0.17-inch throat tests and 0.24 for 0.2-inch tests, respectively. The fixed length of the pseudo-shock is used since there is no method to predict the length of the pseudo-shock with sufficient accuracy. A detailed study of the flow structure inside the pseudo-shock is necessary to estimate the length; this is an area for future research. Merkli also conducted experiments on pseudoshock in a long duct.
3) However, details of the tests are not clear, so the data are not used.
The Reynolds number is presumed to be Re d ¼ 5 Â 10 4 for the turbulent flow condition. The friction coefficients are 0.003 for both upstream and downstream flows. The result is shown in Fig. 2 . When the starting position of the pseudo-shock is near the entrance of the duct, the difference is large in the 0. 2) The lengths are normalized with the total duct length. 
Conclusions
Prediction of the position of the pseudo-shock in a long duct was investigated using the momentum balance model. Here, the upstream/downstream edges of the pseudo-shock are separated from the entrance/exit edges of the duct. The calculated results show reasonable agreement with the experimental values, showing that the momentum balance model can predict the position even in a long duct.
